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Conductive heat transfer 
A B S T R A C T   
The core material contributes ≥40% of the total cost of a fumed silica based vacuum insulation panel (VIP). 
Expanded perlites, which come at approximately one-tenth of the current price of fumed silica, have been 
identified as potential core material candidates. Though, the characteristic vacuum insulation properties i.e. 
evacuated thermal conductivity and half pressure value of expanded perlites are not suitable for most applica-
tions, these can be improved by altering their structural properties like particle size, pore size, porosity etc. 
during manufacture. The knowledge of the relationship between structural properties and the thermal conduc-
tivity of perlite is key to develop improved thermal performance VIPs. 
In the present work, it has been found that the thermal conductivity of the perlite cores lies between the 
thermal conductivities of two regular packing orders – simple cubic packing and the hexagonal close packing. 
Owing to the complex geometries involved, the thermal conductivity of particle beds arranged in these two 
packing structures was numerically calculated using finite element method. The dependence of the thermal 
conductivity on five parameters (particle size, intra-particle pore size, porosity, internal gas pressure and contact 
ratio) was observed and correlated with existing studies in literature. The model was also validated by experi-
ments performed on expanded perlite. The developed framework can be employed to produce bespoke perlites 
for most cost-effective thermal insulation systems.   
1. Introduction 
The core material contributes ≥40% of the total cost of a fumed silica 
based vacuum insulation panel (VIP) [1,2], consequently research into 
potentially reduced cost core materials have been increasingly reported 
recently [3–9]. Expanded perlites, which come at approximately 
one-tenth of the current price of fumed silica, have been identified as 
potential core material candidates. Apart from being a VIP core, evac-
uated perlites in their loose state can also be directly used as insulation 
in various situations such as thermal storage tanks or cold storage boxes. 
Although the chemical composition of both perlite and fumed silica 
is very similar, >90% being SiO2, and both belong to the category of 
powder insulants, yet there is a stark difference between their thermal 
conductivities. This is caused by their dissimilar particle arrangement 
order (geometric structure) and the structural properties such as particle 
size, pore size and porosity. The authors of this paper have recently 
described several parameters that affect the thermal conductivity of a 
VIP core [10]; see Fig. 1. 
Interestingly, most of these parameters can be controlled either 
during perlite manufacturing (particle/pore size, porosity) or insulation 
manufacturing (pressure, density) process. Knowledge of the quantita-
tive contribution of these parameters towards the thermal conductivity 
of evacuated perlite is the key to develop high-performance cost-effec-
tive VIPs. 
The aim of the present study was to develop a framework, based 
upon the physics of heat transfer and particles’ interaction at the 
microscopic level, which takes as an input the set of values of various 
affecting parameters identified above and returns the value of predicted 
thermal conductivity. 
So far, a very limited number of studies have reported the develop-
ment of such a theoretical framework to predict the thermal conduc-
tivity of perlites. However, such frameworks have been extensively 
reported for nano-porous insulants like aerogel/fumed silica which 
could provide a starting point. Two types of models have been pre-
dominantly used to develop such frameworks, i) Decoupled model, ii) 
Energy balance model [11]. 
The decoupled model assumes that the total heat travelling through 
the insulant by three different modes, solid-solid conduction, gas con-
duction in open pores and radiation, are independent from each other. 
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The total thermal conductivity is thus, the sum of solid conductivity, 
gaseous conductivity and radiative conductivity (equation (1)), each of 
which could be calculated by either a set of equations involving material 
properties (pore size, particle size, extinction coefficient) and design 
parameters (pressure, density) or experimental best-fitting techniques 
[3,12–14]. 
ktotal = ks + kg + kr (1)  
where ks is the solid conductivity, kg the gaseous conductivity and kr the 
radiative conductivity of the insulant. 
The decoupled model as described in equation (1) doesn’t account 
for the heat travelling from solid to gas or vice versa. To balance this 
missing effect, a term, called coupling conductivity (kcoup), is generally 
added [15]. 
The major drawback of the decoupled model is that it requires a 
separate computation of solid-gas coupling, which is not well under-
stood, but has a significant effect in spherical particle porous insulation 
materials like perlite at pressures higher than 10 mbar. Coupling con-
ductivity for expanded perlite is likely to be 20–30 mWm− 1K− 1, 
approximately 30% of the total thermal conductivity at atmospheric 
pressures [16]. Beikircher et al. [17] calculated the coupling conduc-
tivity to be 3.2 mWm− 1K− 1 at 10 mbar and 15 mWm− 1K− 1 at atmo-
spheric pressure. Though Beikircher et al. [17] developed a set of 
equations to calculate the coupling conductivity, the parameters in the 
equations were derived using rather simple best-fitting techniques. This 
made their model dependent on experimental data which limited its 
capability to predict for materials outside their study. Theoretical model 
to compute coupling conductivity in aerogel have been developed but 
the model assumptions, based on the microstructure of aerogel, don’t 
hold for perlite, which has a different microstructure [15,18]. Alam et al. 
[19] measured the value of coupling conductivity for perlite-fumed 
silica composites at atmospheric pressure to be around 12 
mWm− 1K− 1. This clearly indicates that one cannot neglect coupling 
effect whilst developing a predictive framework for perlites and hence a 
decoupled model might not be the best method to solve for it. 
The second type of predominantly used model is the energy balance 
model in which the microstructure of insulant is approximated as a 
regular geometric structure composed of repeating unit cells. The ther-
mal conductivity of the insulant, being an intrinsic property, must be 
same as the thermal conductivity of the smallest unit cell. Heat travel-
ling from one end of the unit cell to the other through conduction (solid 
and gaseous) is calculated and transformed to the thermal conductivity 
using Fourier’s law. Heat transfer through radiation is simply super-
imposed to the heat transfer through conduction, and convection in 
insulant pores is neglected, due to their small size (<2 mm). 
Zeng et al. [20] derived the relationship between thermal conduc-
tivity and structural properties of aerogel assuming aerogel’s geometric 
structure to be formed of repeated unit cells of any of the three regular 
structures - arrays of square rods, cylindrical rods and contacting 
spheres. A similar method was employed by Lu et al. [21] and Wei et al. 
[22,23] and to calculate the thermal conductivity of aerogel and its 
composites, assuming different types of unit cells. However, this method 
suffers from the following drawbacks:  
i. The heat transfer is considered to be one dimensional, which 
means the solid-solid heat flow at the solid-gas boundary is not 
considered. This may become a significant source of deviation 
when the intra-particle porosity of insulant is low. 
Nomenclature 
a Contact diameter 
D Particle diameter 
Dp Diameter of pore 
Dpc Diameter of crosswise pore 
dg Molecular size of the gas 
e Extinction coefficient 
f function to calculate thermal conductivity (Fourier’s law) 
ktotal Total thermal conductivity (10− 3 Wm− 1K− 1) 
ks Solid thermal conductivity 
kg Gaseous thermal conductivity 
kr Radiative thermal conductivity 
kcoup Coupling conductivity 
k0g Thermal conductivity of free air 
kB Boltzmann constant 
kgr Thermal conductivity of grain 
kT Thermal conductivity of base material 
kc Conductive thermal conductivity 
kVIP, measured total measured thermal conductivity of a VIP 
lg Mean free path length of air 
mtotal Bulk porosity of powder 
m Porosity of a powder particle 
n real part of refractive index 
p Gas pressure 
p1/2 Half pressure of a VIP 
Q̇ Rate of heat transfer 
S total surface area of the pore 
T Temperature 
Greek symbols 
β Constant used in gaseous conductivity calculation 
ν Ratio of kT and kg 
ρ density 
ρs skeletal density 
σ Stefan-Boltzmann constant 
Abbreviations 
VIP Vacuum Insulation Panel 
SEM Scanning Electron Microscopy 
MIP Mercury Intrusion Porosimetry 
NuSC Numerical Simple Cubic model 
NuHex Numerical Hexagonal model  
Fig. 1. Various factors affecting the thermal conductivity of a VIP [10].  
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ii. It can only be used to resolve unit cells of simple geometries, like 
cubic and intersecting rods but not complex geometries like 
hexagonal unit cell.  
iii. It cannot provide detailed information of temperature and heat 
flux fields in the insulant. 
These drawbacks could be solved if the heat flow through various 
modes is calculated numerically instead, as done by Bi et al. [24] to 
predict the thermal conductivity of aerogel. Unfortunately, no such 
study exists for expanded perlites. Further, it is noteworthy that both 
aerogels and perlites don’t have a regular structure because of their 
non-crystalline nature. Due to this reason, it is impossible to identify a 
single unit cell which represents the geometric structure of these pow-
ders. However, the thermal conductivity of the random structure (par-
ticle arrangement) of perlites could be bound by that of two regular 
structures. 
In the present study, the authors have investigated into employing 
energy balance based numerical method for expanded perlite powder, 
which is equivalent to a bed of spherical porous particles. 
This resulted into the development of a theoretical framework to 
predict the upper and lower bounds of conduction heat transfer of 
porous spherical perlite, incorporating the effects of a) particle size, b) 
pore size, c) porosity, d) pressure and e) contact ratio among particles 
(section 2.1–2.3). The model was experimentally validated through in- 
lab measurements on VIPs specifically developed using expanded per-
lites (section 3). The effect of radiative heat transfer due to VIP envelope 
was accounted for when calculating total thermal conductivity. 
Although the present work was focused towards expanded perlites, 
the framework could be used to analyse the variation of thermal con-
ductivity for any similar porous insulation with spherical particles, such 
as glass beads, with their material and design properties. 
2. Modelling heat transfer in perlite 
Heat transfer in a porous insulation occurs via conduction and ra-
diation. The former comprises of a) solid conduction through solid 
matrix of the insulation and b) gaseous conduction through the gas 
molecules inside micro-pores. Radiation heat transfer is the heat carried 
by electromagnetic waves (mainly in infrared region) through the ma-
terial. Conduction and radiation can be assumed as parallel phenomena 
for an optically thick medium, i.e. a medium in which the infrared 
photons cannot penetrate without multiple scattering and absorptions. 
In such cases, the contributions of conduction and radiation can be 
superimposed additively [25]. The dependence of heat transfer by 
conduction and radiation upon the material, design and operating 
parameters (Fig. 1) of the vacuum insulation can be exploited to predict 
the thermal conductivity, thus saving huge amounts of testing costs and 
time. 
Expanded perlite is formed of approximately spherical shaped par-
ticles with pores on their surface, also called the intra-particle pores 
(Fig. 2). These pores are formed during manufacturing process when the 
chemically bound water (2–6%) in volcanic glass escapes as steam due 
to rapid heating (700–1260 ◦C) [26]. During this process, the volcanic 
glass expands about 20 times its original volume and hence the name – 
expanded perlite (EP). When used as an insulant, spherical EP particles 
pack in a random order. 
All random packings of mono-sized spheres lie between two extremes 
i.e. random loose packing and random dense packing [27–29]. A 
random loose packing is identified by high amount of physical bridging 
and angular separation. Physical bridging occurs when two unstable 
spheres contact and form a stable structure (Fig. 3). This results in in-
crease in porosity and reduction in mean coordination number [30], see 
Table 1. A random dense packing, which can be obtained by carefully 
vibrating the bed of a random loose pack, has no bridges or angular 
separation. Application of external pressure on a random loose pack also 
results in reduction of porosity and increase in the mean coordination 
number for elastically deformable materials [31]. 
Perlite, when used as a core material for VIPs, is usually pressed into 
boards and evacuated to low pressures [3]. The external pressure, both 
due to compaction of up to 0.2 MPa [12] and evacuation (up to 0.1 MPa) 
is expected to rearrange its elastically deformable particles into a dense 
random packing as detailed in Table 1. 
The grain packing structure of the pressed perlite boards used as 
cores for VIPs must lie somewhere between normal and elastically 
deformed random dense packing (see Table 1), the characteristics of 
which are further bounded by two regular packing structures, simple 
cubic packing on the lower side and the hexagonal close packing on the 
higher side. 
The thermal conductivity of this dense random pack of perlite par-
ticles, which depends majorly on the size of pores, porosity of insulant 
and the contacts among particles, must also be bounded by the thermal 
conductivity of cubic and hexagonal packings. This provides the 
framework of prediction of bounds of the conductive heat transfer 
through a dense perlite VIP core. The sections below describe the 
geometrical features of the two regular packings relevant to the 
modelling of heat transfer phenomenon. 
2.1. Packing geometries 
2.1.1. Modelling simple cubic packing 
Simple cubic packing is the loosest possible packing for mono-sized 
spheres wherein each particle is in contact with six neighbouring par-
ticles with an overall pack porosity of 0.476. It is formed by repeating 
units consisting of two contacting hemispheres, also called simple cubic 
Fig. 2. SEM image of an expanded perlite particle.  
Fig. 3. A 2-D illustration of a bridge. The two shaded spheres formed a bridge 
while moving into a gap [31]. 
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unit cell as shown in Fig. 4. Because of its intrinsic nature, the thermal 
conductivity of the bulk material (bed of particles) is same as that of the 
unit cell. The geometry of a simple cubic cell is not complex enabling an 
analytical estimation of thermal conductivity using heat flowing along 
parallel and series paths. However, it has been found by the authors that, 
an analytical method employing parallel heat flow paths in concentric 
hollow cylindrical elements, as used by Ref. [20], can be inaccurate 
because it fails to consider the three-dimensional heat flow within the 
particle (Fig. 5.). 
Porous particles arranged in simple cubic order have two types of 
pores; a) inter-particle pores and b) intra-particle pores, shown in Fig. 6. 
The pores formed by the gap between two or more neighbouring par-
ticles are termed as inter-particle pores and the porosity due to these 
pores is termed as inter-particle porosity. The pores present on the 
particle itself are intra-particle pores and the porosity of the powder due 
to virtue of these pores is called intra-particle porosity. The intra-particle 
porosity is different from on-particle porosity, m, which is the ratio of 
volume of intra-particle pores to the volume of particle. The total 
porosity of the bed, mtotal, is the sum of inter-and intra-particle porosity. 
In simple cubic packing, the inter-particle pores can be of two types. 
First, the vertical pores, which are aligned in the direction of heat 
transfer when the bottom surface is warmer than the top surface, these 
pores run throughout the insulation thickness. Second, the cross-wise 
pores, the ones that are hidden due to spherical particle’s circular 
projection. 
Knudsen effect entails that heat transferred through gaseous con-
duction in the pores and gaseous conductivity is a function of the pore 
size, and is described by the Kaganer model [34] as shown in equations 
(2) and (3). Different characteristic pore sizes for vertical, cross-wise and 
intra-particle pores lead to different gaseous conductivity in these pores. 
The sizes of inter-particle pores can be derived from geometry. The 
characteristic pore size of a cross-wise pore is the average vertical 
Table 1 
Characteristics of various packings of mono-sized spherical particles.   
Simple Cubic Random loose packing Random dense packing Random dense packing – elastically deformed Rhombohedral - hexagonal 
Porosity 0.476 0.45–0.40 [28,32] 0.42–0.36 [28,29] 0.29 [31] 0.26 
Mean coordination number 6 4.5–5.5 [30,32] 6–7 [27,33] 8 [31] 12  
Fig. 4. A simple cubic a) packing structure and b) unit cell. The particles are shown in green colour, vertical pores in violet and crosswise pores in pink.  
Fig. 5. Heat flow paths assumed in analytical methods. The solid-solid heat flow within the particle at solid-gas boundary is not considered in this type of solutions 
leading to inaccuracies. 
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distance between the walls of two contacting particles, which can be 
calculated using equation (4), and of a vertical pore is the height of the 














where kg is the gaseous conductivity of the pore, k0g the conductivity of 
free air i.e. 25 mW m − 1K− 1, β the coefficient which depends on the 
accommodation coefficient and the adiabatic coefficient of the gas, lg the 
mean free path length of gas inside pore, Dp the characteristic size of the 
pore, kB the Boltzmann constant, T the temperature, dg the molecular 
size of the gas and p the internal gas pressure. 
The contacting particles deform when an external pressure is applied 
to perlite powder to form a solid core. This deformation has been rep-
resented by a contacting circular region of diameter a in the unit cell. 
Contact ratio, (a /D), which is defined as the ratio of diameter of circular 
region, a, formed as a result of deformation of two contacting particles to 

























θi = 0 (i)
(4)  
2.1.2. Modelling hexagonal close packing 
Rhombohedral hexagonal packing, referred as hexagonal packing in 
this paper, is one of the densest packing for mono-sized spheres. Every 
particle in this packing is in contact with 12 neighbouring particles 
leading to a pack porosity (mtotal) of 0.26. Hexagonal packing is formed 
by putting layers of particles in A-B-A configuration as shown in Fig. 7. 
The smallest non-symmetric repeating unit cell of this packing is shown 
in Fig. 8. This gives rise to a highly complex geometry making an 
analytical investigation of this packing very difficult, if not impossible. 
The inter-particle pores, in the case of hexagonal packing, comprise 
of tetrahedral pores and octahedral pores. A tetrahedral pore is formed 
when a particle of layer B is in contact with three contacting particles of 
layer A whilst covering the pore formed by them. The size of this pore is 
defined as the diameter of largest sphere which can fit in, 0.225D in the 
case of a tetrahedral pore, where D is the particle diameter. An octa-
hedral pore is formed when two sets of three trigonally-oriented parti-
cles in layer A and B are in close-packed contact. The size of this pore is 
0.414D. The characteristic sizes of these pores are different and so is the 
conductivity of gas inside them; as governed by Knudsen effect. 
The deformation in contacting particles in a hexagonal packing occur 
the same way as in simple cubic geometry. It’s noteworthy there are 
Fig. 6. Description of pores in simple cubic unit cell, a) top view, b) front view.  
Fig. 7. Layers of particle in A-B-A configuration.  
Fig. 8. A hexagonal unit cell. The particles are represented by green colour, 
tetrahedral pores by violet and octahedral pores by pink. 
Fig. 9. Mesh independence study for two packing geometries: Simple cubic 
and Hexagonal. 
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three contact regions in the hexagonal unit cell, as compared to one in 
simple cubic cell, leading to a potentially higher solid conductivity. 
2.2. Numerical modelling for conduction heat transfer 
As mentioned in the sections above, solving heat transfer in these 
geometries using analytical method of series and parallel resistance 
networks can be either inaccurate or very difficult due to complex ge-
ometries involved. Keeping this in mind, an approximate solution was 
computed using finite element method, solved in COMSOL Multiphysics 
V.5.5. The finite element method is different from finite difference 
method since it solves the partial differential equations in an integral 
form. The finite element method has clear advantages in terms of its 
adaptability to complex geometries and the ease of handling discon-
tinuous gradients of a variable [35]. 
2.2.1. Mesh independence and boundary conditions 
A fully parametric geometry of the unit cells was developed and the 
solution domain was discretized using tetrahedral elements. Mesh in-
dependence studies showed that heat flux at faces became steady after 
‘normal’ mesh size (Fig. 9). The normal mesh size in COMSOL was 
characterized by minimum element sizes of 2.5 μm and 3.5 μm and 
maximum element sizes of 20 μm and 48 μm, respectively for cubic and 
hexagonal geometries. The boundary conditions on the meshed geom-
etries are shown in Fig. 10. The unit cells were subjected to a temper-
ature difference of 20 ◦C between isothermally held upper and lower 
faces. A mean temperature of 20 ◦C was chosen because the thermal 
conductivity of the commercial VIPs is reported at this temperature. The 
four lateral faces of the unit cell were assumed to be adiabatic because of 
symmetrical nature of the regular packing structures. The initial tem-
perature of both geometries was set at 20 ◦C. 
Fig. 10. A meshed geometry of a) simple cubic unit cell and b) hexagonal unit cell showing various boundary conditions.  
Fig. 11. Temperature distribution inside a simple cubic geometry with different values of total porosity, mtotal (a = 0.84, b = 0.89, c = 0.94 and d = 0.99). Black 
arrows represent the conductive heat flux. The temperature bar shows the temperatures in Kelvin. 
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2.2.2. Governing equations in domain elements 
The conduction heat transfer in the domain elements was calculated 
by the steady state heat transfer equation (equation (5)) and the three- 
dimensional Fourier’s law (equation (6)). The total heat flux, calcu-
lated at the lower face of the unit cell, was used to derive the thermal 
conductivity of the unit cell (kc) using Fourier’s law on the whole unit 
























= 0 (5)  








where ki is either the thermal conductivity of the grain (kgr) or the gas 
inside pore (kg), based on the mesh element, T the temperature, ˙Qc,w the 
rate of heat conduction at a point on an isothermal surface whose normal 
is given by the vector w, A the area of surface normal to the direction of 
heat flux, kc the conductive thermal conductivity of unit cell, Qu the heat 
flux calculated at one of the faces of the unit cells, lu the length of the 
unit cell, Au the area of top/bottom surface of the unit cell and ΔTu the 
temperature difference between the two surfaces i.e. 20 ◦C. 
2.2.3. Grain’s thermal conductivity 
In both the packings, grain’s or particle’s thermal conductivity (kgr) 
is a common input parameter. For a porous object, irrespective of its 
shape, or the shape of the pores, the thermal conductivity can be 
calculated using Russel’s equation (equation (8)), which depends on the 
porosity of the object, the gaseous conductivity in the pores and the 
Fig. 12. Temperature distribution inside a hexagonal geometry with different values of particle porosity, mtotal (a = 0.84, b = 0.89, c = 0.94 and d = 0.99). Black 
arrows represent the conductive heat flux. The temperature bar shows the temperatures in Kelvin. 
Fig. 13. Isothermal contours inside a hexagonal geometry, with total porosity = 0.89. The contours are highly non-linear and are bulged near the contact areas, 
shown with dashed circle. The temperature bar shows the temperatures in Kelvin. 
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thermal conductivity of the bulk material [36]. The gaseous conduc-
tivity in the pores further depends on the intra-particle pore size and the 
evacuation pressure (equation (2)). 






m2/3 − m + ν
(




where kT is the thermal conductivity of the bulk material (SiO2 in case of 
perlite), m the porosity of the grain, ν the ratio of kT and kg, and kg the 
gaseous conductivity of the intra-particle pore, which can be calculated 
using equation (2). 
Measurement of the porosity of the grain is a difficult process 
requiring extensive measurement techniques and instrumentation. 
However, it is known that perlite particles expand 15–20 times when 
heated rapidly. Thus, a reasonable guess of perlite grain’s porosity can 
be made using equation (9). 
m =
(x − 1) + ϕi
x
(9)  
where x is multiplication factor of increase in particle’s volume and ϕi 
the initial porosity of the perlite particle. 
Using x as 19 and ϕi as 0.05, one gets a value of 0.95 for grain’s 
porosity. 
2.3. Results from the conduction models 
Figs. 11–13 show the temperature distribution and heat flux inside 
the simple cubic and hexagonal geometries. The temperature varies 
from 30 ̊ C at the top face to 10 ̊ C at the bottom. The black arrows 
represent the conductive heat flux, with their size being proportional to 
the magnitude of the heat flux. The bended arrows near the contact 
point in Figs. 11a and 12a shows that the majority of the heat travels 
through the particles when the particle porosity is low, whereas as the 
porosity increases, the bending of the heat flux towards the particle- 
particle contact decreases. The results are in line with expected results 
discussed above (Fig. 5). The isothermal contours in the hexagonal ge-
ometry have been presented in Fig. 13. The contours are highly non- 
linear and bulged near the contact area of the particles. 
The conductive heat transfer model, to calculate kc, was run while 
varying five parameters – i) particle diameter (D), ii) intra-particle pore 
diameter (Dpp), iii) total porosity (m), iv) internal gas pressure (p) and v) 
contact ratio (a/D) for simple cubic and hexagonal packing arrange-
ments (Table 2). The results are shown in Fig. 14 – Fig. 18. The results 
from the simple cubic model have been referred as NuSC (Numerical 
Simple Cubic) and those from hexagonal model as NuHex (Numerical 
Hexagonal). It is important to note that these results don’t include the 
effect of radiation. Particle size, intra-particle pore size and total 
porosity are material properties and can be altered while manufacturing 
the perlite. The temperature and the rate at which volcanic glass is 
heated produce different particle size, intra-particle pore size and par-
ticle’s porosity. Inter-particle pore size and packing porosity can be 
altered by efficient filling and compaction methods. Internal gas pres-
sure and contact ratio are controlled while designing the insulation. 
The knowledge of the effects of these parameters on the thermal 
conductivity can lead to a design framework to produce energy-efficient 
and cost-efficient insulation. The model though demonstrated for perlite 
can be used for any type of porous insulation with spherical particles, 
such as glass micro-beads. A pointwise discussion on the results from the 
model is presented here.  
1. Thermal conductivity, in both packings, increased weakly with 
increasing particle size (Fig. 14). Whereas particle size itself doesn’t 
affect the thermal conductivity, but increasing particle size leads to 
an increase in the inter-particle pore size and thus the gaseous con-
duction following the Knudsen effect as described in equation (2). 
The thermal conductivity increased by 1.5–1.8 times when particle 
size increased from 50 μm to 500 μm. The trend of this increase was 
similar to that observed by Sakatani et al. [37] while measuring the 
solid conductivity of soda-lime glass beads. It is noteworthy that 
Fig. 14 was plotted for an evacuation pressure of 0.1 mbar and the 
magnitude is expected to be more prominent at higher pressures. 
Particle size affects the wave scattering and absorption behaviour of 
the powder and thus the radiative conductivity. In physical terms, 
particle size determines density of materials. Keeping all other 
Table 2 
Parameters used in simulations and their value while constant or being varied.  
Parameter Value (constant) Value (range) 
D 100 μm 50–500 μm 
Dpp 5 μm 1–100 μm 
m 0.95 – 
mtotal 0.974 (SC), 0.963 (Hex) 0.80–0.98 
p 0.1 mbar 0.001–1000 mbar 
a/D 0.1 0.01–0.65 
kT 1 Wm− 1K− 1 –  
Fig. 14. Effect of particle size on total thermal conductivity for 
different packings. 
Fig. 15. Effect of intra-particle pore size on total thermal conductivity for 
different packings. 
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factors same, an insulation made with a smaller particle size material 
would be heavier than that made with bigger particles of the same 
material. Additionally, particle size also impacts flow of powder, 
cohesiveness among particles and compressibility [38].  
2. The intra-particle pore size showed a weak effect on the thermal 
conductivity of porous insulation at low pressures (Fig. 15). The 
thermal conductivity increased by 1.1–1.2 times when intra-particle 
pore size increased from 1 μm to 100 μm. Shorter intra-particle pore 
size restricts gaseous conduction reducing the grain’s thermal con-
ductivity (equation (8)) and thus the overall thermal conductivity. 
Here, it was assumed that the change in intra-particle pore size is 
independent of the porosity of the particle. 
3. The overall porosity had a significant effect on the thermal conduc-
tivity. While plotting Fig. 16, the inter-particle porosity, which de-
pends on the type of packing, was kept constant (0.476 for simple 
cubic and 0.26 for hexagonal packing) and the variation in total 
porosity was due to change in the on-particle porosity. 
As the porosity of the particle decreased, grains became more 
conductive due to increase in the bulk material mass (equation (8)). 
This led to high heat flux transferred through the grains. The effect 
was more prominent in the case of hexagonal packing as compared to 
simple cubic because of a higher number of particles per unit volume 
(Figs. 4 and 8). A similar trend was observed by Sakatani et al. [37] 
for low-alkali glass beads. As shown in Fig. 5, the effect of porosity on 
thermal conductivity could not be fully accounted for by an analyt-
ical solution considering various series or parallel heat transfer paths 
because it neglects heat transfer within the particle at the 
particle-gas boundary.  
4. The effect of internal gas pressure on thermal conductivity is a 
characteristic curve for any vacuum insulation core material. A 
change in internal gas pressure causes change in the thermal con-
ductivity of the pore space due to increased mean free path length of 
the gas in it (equation (2)). Since, the size of all pores (inter and intra- 
particle) is different, the effect of change in pressure is different for 
all pores. The thermal conductivity thus becomes a complex function 
of internal gas pressure (Fig. 17). The results obtained are similar to 
those measured by Beikircher et al. [17] for expanded perlites. 
The effect of change in internal gas pressure in intra-particle pores 
directly affects the grain’s thermal conductivity (equation (8)), while 
the same change in the inter-particle pores affects the respective 
pore’s conductivity independently. This effect has been represented 
in other models in literature as the superimposition of two inde-
pendent contributions to gaseous conductivity because of two types 
of pores [39] or by two p1/2 values, one for inter-particle pores and 
the other for intra-particle pores [12,34]. 
One interesting aspect of the present model is that it automatically 
considered the effect of interaction or coupling between grains and 
the gas. The term coupling conductivity is often used to denote the 
rise in thermal conductivity when the pores bounded by grain walls 
act as a thermal bridge for the heat to transport. A separate 
computation of coupling must be done in decoupled models where 
the paths of heat transferring through solid and gas are assumed to be 
parallel, as it becomes a significant heat transfer path at higher 
pressures (>10 mbar). 
The formulation to compute coupling conductivity has been pub-
lished for different materials like aerogels [15,18,40] and perlite 
[17] besides having been experimentally measured [41,42]. How-
ever, a general formula for computation of coupling is not available. 
The present model shows that a part of this coupling heat transfer 
occurs due to the inter-particle pores partially bounded by walls of 
grains, such as the cross-wise pores in simple cubic geometry and the 
tetrahedral pores in hexagonal geometry. The other part of this 
coupling arises due to intra-particle pores. This also answers the 
question on why ‘coupling’ doesn’t occur in foams – they don’t have 
bounded inter-particle or intra-particle pores. 
Fig. 16. Effect of porosity on total thermal conductivity for different packings.  
Fig. 17. Effect of internal gas pressure on total thermal conductivity for 
different packings. 
Fig. 18. Effect of contact area among particles on total thermal conductivity for 
different packings. 
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5. The contact ratio between the particles is yet another important 
factor which affects the thermal conductivity (Fig. 18). There are two 
methods of changing the density of a powder bed. One of them is 
change in packing order, also known as grain rearrangement, which 
can be achieved by efficient filling of insulation in the cavity/enve-
lope. The other is application of external pressure on the powder bed. 
Application of external pressure or compaction leads to a) grain 
rearrangement, b) grain deformation and c) pressure solution, i.e. 
dissolution of the particle due to excessive stress [31]. Packing of 
grains remaining constant and pressure solution/particle dissolution 
neglected, one can assume that application of external pressure 
mainly causes grain deformation, thereby increasing the contact 
ratio between them. Thus, the contact ratio is a representation of 
external pressure on the powder bed, or the density. 
As the contact ratio increased, the heat flux leakage through the 
grains increased, increasing the total thermal conductivity. The ef-
fect was more prominent in hexagonal packing because there were 
more contacts per unit volume of hexagonal packing as compared to 
simple cubic packing. It was noteworthy that this effect was only 
prominent at lower internal gas pressures when the grain’s thermal 
conductivity was much higher than the thermal conductivity of the 
gas in pores. The contact ratio in the present research also includes 
the effect of the contact resistance. 
3. Experimental validation 
This section presents the experimentally measured total thermal 
conductivity of a perlite-core vacuum insulation panel developed during 
the study. Commercially available expanded perlite was procured and 
detailed lab tests were performed to determine particle size distribution, 
pore size distribution and particle morphology. The results of these 
material characterization tests were used as input parameters in the 
model described in section 2 to predict the thermal conductivity of the 
panels. VIP panels were manufactured using this perlite by first com-
pressing the powder to a desired density and thickness, and then sealing 
these perlite boards in a metallized laminate at the desired internal gas 
pressure. The total thermal conductivity of the panel was measured at 
internal gas pressures ranging from 0.1 mbar to 500 mbar, an uncer-
tainty analysis was performed and the results compared with those 
predicted by the model. 
3.1. Material characterisation 
The following lab tests were performed to measure material prop-
erties of the expanded perlite both qualitatively and quantitatively. The 
material properties include particle shape, size, morphology, distribu-
tion, pore size and porosity.  
i) Scanning Electron Microscopy (SEM) 
The perlite was observed under an SEM (LEO 1455VP) to observe the 
shapes, distribution and morphology of the particles and sizes of parti-
cles. As shown in Fig. 19, the perlite consisted of two types of particles - 
a) big porous spherical particles, which have open intra-particle pores, 
Fig. 19. SEM images of the expanded perlite at different magnifications: a) 30× and b)500× with a 10 keV electron beam.  
Fig. 20. Particle size distribution of an expanded perlite obtained by laser 
diffraction. 
Fig. 21. Cumulative intrusion pore size distribution of the perlite.  
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and b) small flake shaped particles, which is milled perlite.  
ii) Laser Diffraction 
The distribution of particle sizes was determined by laser diffraction- 
based particle size analyser (Fig. 20). The results showed two peaks, 
which could be attributed to big spherical particles (352 μm) and small 
milled particles (45.6 μm), as were observed under SEM. The proportion 
of milled particles was much lower than the big particles. Since, the 
developed model has been developed for mono-sized particles, a single 
representative particle diameter was defined as the weighted average of 





μm = 313.74 μm.  
iii) Mercury Intrusion Porosimetry (MIP) 
The distribution of pore sizes and the overall porosity of the perlite was 
determined by MIP measurements (Autopore IV). A wide range of pore 
sizes ranging from 0.003 μm to 300 μm were observed, shown in Fig. 21. 
The average pore size, which represents the representative pore size of 
the sample could be calculated as 4V/A, where V is the total intrusion 
volume in the sample and A the total surface area of the pores. The 
average pore size was calculated to be 0.682 μm. For a mono particle size 
powder bed, the particle size of 313 μm must represent much higher 
pore size. However, the migration of milled particles into the pores of 
spherical perlite particles give rise to much lower pore size, of the order 
of 0.1 μm. The overall porosity was measured to be 97.92%. The results 
obtained using MIP are for loose perlite, with density of 39.3 kg/m3. The 
pore size and the porosity, both reduce when the density is increased due 















where Dp is the size of the pore, S the surface area of the pore, ρ the 
density of the powder, ρs the skeletal density of the powder and mtotal the 
porosity of the powder. 
3.2. Thermal conductivity measurement 
Three vacuum insulation panels (A, B and C) were prepared using 
perlite as the core material and sealed in a metallized laminate (Fig. 22), 
as detailed in Table 3. While samples B and C were similar to each other 
in terms of density and thickness, sample A’s density was made higher 
by compressing the core to a lower thickness. The thermal conductivity 
of these VIPs was measured at different evacuation pressures between 
0.1 mbar and 500 mbar using a calibrated heat flow meter (Figs. 23 and 
24). The HFM was calibrated as per ASTM C1667 – 15 [43] which details 
the test method for using heat flow meter apparatus to measure the 
center-of-panel thermal transmission properties of vacuum insulation 
panels. After completion of each test, the VIP’s core pressure was 
measured using a laser-based technique involving the foil lift off method 
[44]. 
The heat flow meter measures total thermal conductivity, which 
includes the effect of the heat transfer by radiation. This effect of radi-
ation was removed to enable comparison between measured and 
modelled thermal conductivity. As perlites are optically thick mediums, 
the conductive and radiative heat exchanges through them can be 
superimposed. The radiative conductivity of perlite could be calculated 
using the diffusion equation (equation (12)) [3,12,45,46]. 
Fig. 22. Vacuum insulation panel samples manufactured in this research.  
Table 3 
Properties of VIPs developed and tested.  






kr (10− 3 
Wm− 1K− 1) 
A 146 11.38 172.4 1.43 
B 146 14.59 134.5 1.83 
C 146 14.48 135.5 1.82  
Fig. 23. Heat flow meter (HFM 446 lambda) used to measure the thermal 
conductivity of the VIP samples. 
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where kr is the radiative conductivity, n the real part of the refractive 
index, σ the Stefan-Boltzmann constant, T the mean operating temper-
ature, ρ the density of the material, e the specific extinction coefficient, 
kVIP, measured is the total thermal conductivity of the VIP measured using 
heat flow meter, kc the conductive thermal conductivity. 
The refractive index of the expanded perlite was taken to be 1.05 
owing to its high porosity (98%) and the specific extinction coefficient, 
e, which is required to calculate the radiative conductivity of the perlite 
in equation (12), was taken from literature as 38 ± 4 m2/kg [17]. The 
calculated radiative conductivity at 20 ◦C has been given in Table 3. 
The uncertainty involved in the thermal conductivity measurements 
are due to a range of factors including measurements of VIPs’ di-
mensions, test temperature and the rate of heat flux. The individual 
uncertainties in the calculation of kVIP and kr were calculated using law 
Fig. 24. Schema of an HFM 446 lambda.  
Fig. 25. Comparison of measured results with the modelling bounds for sam-
ple A. 
Fig. 26. Comparison of measured results with the modelling bounds for sam-
ple B. 
Fig. 27. Comparison of measured results with the modelling bounds for sam-
ple C. 
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of propagation of errors (equation (15)) and the total uncertainty in kc 



























where f is the function to calculate thermal conductivity (Fourier’s law), 
xi the independent variables on which the thermal conductivity depends 
and δxi the uncertainty associated with measurements of these inde-
pendent variables. The total calculated uncertainty in kc ranged from 
±0.55 × 10− 3 Wm− 1K− 1 at 0.1 mbar to ±2.27 × 10 − 3 Wm− 1K− 1 at 500 
mbar. 
3.3. Comparison with model 
Predicted and measured thermal conductivity for the three VIPs 
investigated are presented in Figs. 25–27. The inputs to the prediction 
model were given based on the material characterisation performed on 
the perlite powder, see Table 4. The contact ratio was taken to be 0.1, 
since there was no direct way to measure it. As can be observed, the 
measured conductivity values of sample A lied well within the bounds 
described by the model. Samples B and C’s measured values were closer 
to hexagonal model as compared to the simple cubic model. 
4. Conclusions 
A theoretical framework to predict the thermal conductivity of 
expanded perlite was developed and experimentally validated. Due to 
the random packing structure of powders, the thermal conductivity 
related to the conductive heat transfer via the solid and gaseous phase 
couldn’t be extracted. However, the upper and lower bounds of this 
conductive heat transfer were calculated as the thermal conductivities of 
simple cubic and hexagonal packing structures respectively. Due to 
complex geometries involved, the thermal conductivity of particle beds 
arranged in these two packing structures was numerically calculated 
using finite element method. Using the parameters mentioned in 
Table 2, it was observed that the thermal conductivity increased by 
1.5–1.8 times when particle size increased from 50 μm to 500 μm, 
1.1–1.2 times when intra-particle pore size increased from 1 μm to 100 
μm, 5–6 times when porosity of the bed decreased from 0.98 to 0.8, 4–6 
times when pressure increased from 0.001 mbar to 1000 mbar. 
A grade of expanded perlite was procured from and tested for its 
particles’ shape, size, morphology, pore size, porosity. It was observed 
that the perlite also comprised of a small proportion of milled particles 
in addition to the large spherical shaped porous particles. The average 
particle size was calculated to be 313 μm. The average pore diameter 
was measured to be 0.682 μm and the porosity to be 97.92%. The 
conductive thermal conductivity was calculated from the model using 
these parameters. Three vacuum insulation panels were manufactured 
using this perlite and their thermal conductivity was tested at different 
pressures in the range of 0.1 mbar–500 mbar. The effect of radiation was 
subtracted from the measured results in order to compare them with the 
predicted conductive thermal conductivity. The total thermal conduc-
tivity of expanded perlite based vacuum insulation panels manufactured 
in lab lied well between bounds defined by the model developed. 
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